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ABSTRACT

Examinations have been performed to character1ze the d1str1but1on of
core materials and fission products at the damaged Three Mile Island Unit
2 (TMI-2) reactor. The purpose of this paper is to summarize the current
status of the core materials and fission ‘product :inventory evaluations at -
TMI-2 and to present results that may affect reactor source term issues.
Principal subjects include the relocation of core materials outside the-
reactor vessel, the formation of complex, core material interaction . -
products, cesium retention in prior molten material, and the retention of
tellurium, :antimony, and ruthenium in association with core materials. }
Material examinations have now been performed on samples from throughout -
the reactor building and vessel. - These examinations: have helped define -
the end state core configuration and matérials behavior. The .examination
results have been used to estimate the redistribution and inventories of
core materials and fission -products in the damaged reactor core for
comparison with expected mater1aTs behav1or, part1cu1ar1y for f1551on
products : ‘

INTRODUCTION

The Three M1Te IsTand Un1t 2 (TMI- 2) pressur1zed water reactor :
underwent ‘a prolonged loss of coolant: accident on March 28, 1979,
resulting in severe damage to the reactor core. As a consequence of the -
TMI-2 accident, numerous aspects of Tight water reactor (LWR) safety have
been quest1oned and the U. S. Nuclear ReguTatory Commission (NRC) has
embarked on a. thorough review of reactor safety issues, particularly the
causes and effects of severe core damage accidents. The nuclear community
acknowledges the importance of examining TMI-2 in order to understand the
nature of the core damage. Immediately after the accident, four
organizations with interests in both plant recovery and acquisition of
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accident data formally agreed to cooperate in these areas. These.

- organizations [General Public Utilities Nuclear Corporation (GPU
Nuclear--owner/operator of TMI), Electric Power Research Institute (EPRI),
the NRC, and the U. S. Department of Energy, collectively known as GEND]
are present1y involved in postaccident evaluations of TMI-2. The DOE is
providing a portion of the funds for reactor recovery in those areas where
accident recovery knowledge will be beneficial to the U. S. LWR industry.
In addition, DOE is providing funds to acquire and examine samples
obtained from the damaged reactor core.

The examinations of ‘the TMI-2 reactor core began shortly_after the
accident with the evaluation of plant mon1toE1ng 1nstrumentsl, and
sampling and analysis of the reactor coolant®. This was followed by
examinations of samples of highly cgnzamlnated water, and sediment from
the auxiliary and reactor buildings>’ Much of this data has been
analyzed and provides sufficient information to charactgr1ze the
distribution of core materials outside the reactor core

The end-state configuration of the TMI-2 core guit after the accident
as determined by closed circuit te]gvision (CCTV),”»" mechanical
probing, and core boring operations® is illustrated in Figure 1. The -
initial examinations for. core materials were performed on sections of.
control rod drive leadscrews, which ef8ended‘from the upper plenum through
to the beginning of the core proper Visual observations through
the leadscrew guide tubes indicated the.presence'of a void region above a
region of ]opfe guel debris (up to 94 cm deep) which was first sampled in
October 1983 As part of these examinations, it was determined
that a crust layer was present below the debris bed. This crust layer was
f1na11y sampled using specialized core bor1ng equipment adapted from the
. miring industry.

The visual examinations of the lower region of the reactor core .
(reference 8) indicated the presence of a central prior molten region
contained by partly or fully Tgta]lic crust layers. Destructive
examination of the core bores*” obtained from the lower core indicate
that the crust layers were composed principally of metallic constituents
of the core that had not oxidized during the accident. Video examinations
of the region below the reactor core were also performed, which indicated
that prior molten material had relocated to the Tower head of the reactor.
Samples of this debris were obtained through the annulus between t?g
thermal shield and the reactor vessel. Examination of this debris
indicated that it was a mixture of prior molten fuel, cladding, and
structural materials which had oxidized and flowed down onto the lower
head of the reactor. These examinations provide the bulk of the data on
the distribution of core materials in the damaged reactor core.

The following sections discuss the distribution of the bulk debris in
the reactor vessel, the segregation and redistribution of the elemental
constituents of the various core components, and finally, a discussion of
the redistribution of fission products and the p0551b]e effects on source
term issues. _ ,
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CORE MATERIALS INVENTORY

The original core materials inventory included approximately 94,000 kg
of U0, fueg igd 35,500 kg of cladding, structural, and control
mater1a1s As a consequence of the accident, some material has
been added to th1s inventory due to ablation of other reactor vessel
materials and oxidation of some of the metallic structural components.
Approximately 229 kg of structural steel was estimated to have been
ablated from the underside of the upper plenum and 182 kg from baffle
plates, the former core wall, and other structural features not in the
core but in the reactor vessel. In addition, some of the metallic
ma}er1als in the reactor core were oxidized producing approximately 459 kg

This would result in a total addition of oxygen as oxides to

.tﬁe core of about 3300 kg. Consequently, the total mass of core materials
is about 133,250 kg. Of this total, about 100 kg was relocated outside
the reactor vessel during the accident. GPU Nuclear has removed much of
this external debris as part of the defueling operation.

Table 1’ 1ists the postaccident distribution of core materials at
TMI-2. The largest fraction of the core materials (33%) is located in the
partial fuel rods in the periphery and at the bottom of the reactor core.
Examination of these damaged assemblies indicate that they have not lost
any of their core materials inventory and were not subjected to high
temperatures. The remaining core material repositories range in
composition from the prior molten fuel and structural materials in the
central core consolidated region to the mixture of intact and previously
molten materials in the upper core debris bed. .

The central consolidated mass region is composed of a core of prior
molten fuel materials surrounded by layers of crust material with
differing compositions. Analysis of the data in references 8 and 13
indicates that the upper crgst is composed of 2450 kg of debris with an
average density of 8.3 g/cm”, and the lower cru§t is composed of 8760 kg
- of material with an average dens1ty of 7.3 g/cm®. These nominal values
have associated uncertainties of 30-40% due to the_heterogeneity and
distribution of the debris in the:crust layers. This results in a total
of 25,990 kg of prior molten debr1s between the crust layers. '

The upper debris bed (20% of core mass) is composed of a mixture of
relatively intact fuel materials and prior molten fuel structural and
control material. This part of the debris bed is ?ade up of relatively
friable material which has a density from 3-5 g/cm”. Intact cladding
shards and control material fragments were present in the debris.

-The prior molten material relocated to the lower reactor vessel head
(19,100 kg) has been examined only at the surface of the debris bed. This
material (reference 19), which may not be representative of all material
on the lower reactor vessel head, indicate that the debris is a ,
homogeneous mixture of fuel materials (U,Zr) with relatively small amounts
of structural and control materials. Nondestructive examinations of the
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'TABLE ‘1. ESTIMATED POSTACCIDENT CORE MATERIALS DISTRIBUTION s - =

: L ‘”EStihated. : ':Uncer"taint-ya wPehcentvof | : .
~Core region‘ M ”_ 4’* o o quantity(kg) (%) - ~Total core(%) .
Intact fue] assemblles T e R E ',f' PR
' (Partially or fu]]y 1ntact) - 44,500 5 - 33.4
Central core region B o
~-resolidified mass B f_‘_ o .32,700 5 . 24, 5
'Upper core debr1s bed v t*ft*“_ 26;6@0" - 5 e 19 9
" Prior. molten mater1a1 on theﬂin,:5 po < e
Lower reactor vesse] head o “19,100 ; 20 : ;. 14.37.
Lower core support assemb]yb'f 5,800f;:': -40 “jrg,-_,4.§j_
Upper core support assemb]yb‘ s -:4ﬁ200 T 40 - ”4».‘i“ :A3,2; e
Outside the reaetor:vesseT ' 100 - 0.3

: 'The uhcehta1nty estimates’ are based-on defueling. Those areas wh1ch
have ‘been defueled -at :this time have relatively low uncertainties[;] ’
. whereas those wh1ch have not have relatively. h1gh uncerta1nt1es -

'b. .The 1ower core support assembly 4is that portion of ‘the reactor vesse] :
below the ‘core which'includes the lower: gr1d assembly and five flow .
distributor .plates.”. The: upper- core support assembly is a coolant flow
region outside: the vert1ca1 baffle p]ates[ ] wh1ch make up the per1phera1 C
boundary of the core. . o

c. Est1mates of the amount of fue] mater1a1 outside. the reactor vessel
are based on nondestructive eva]uat1ons of reactor components in the °
reactor. and auxiliary buildings.’ They range from 60 to about 430 kg.
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Tower head suggest that sthctura] materials may have relocated to this
area of the reactor vessel'®, and examinations are in progress to better
define the composition of this debris. _ _

The remaining repositories in the reactor vessel (10,000 kg) have not
been characterized, but are expected to be similar in composition to the
material found on the surface of the debris bed on the lower reactor
vessel head. ' :

CORE MATERIAL DISTRIBUTION

-Three principal types of core materials are present in the TMI-2
reactor core: the fuel rod constituents (uranium, zirconium, and tin), the
control rod materials (silver, indium, and cadmium), and the structural
materials (stainless steel and Inconel). Examinations by GPU Nuclear
indicated that only about 100 kg of core material have relocated outside
the reactor vessel, as previously discussed, and that the bulk of this
material, a mixture of prior molten and intact fuel and structural
materials, is located in the reactor coolant system in the steam :
generators and in the pressurizer. All other core materials remained in
the reactor vessel. : :

Fuel Rod Constituents

Before the accident, the TMI-2 fuel rods consisted of 94,000 kg of
U0y, 24,000 kg of zirconium present mostly in the form of metallic
Zircaloy, and approximately 370 kg of tin as a component of the Zircaloy.
The UOp, present as the oxide fuel, may be dissolved by the zirconium,
which can be oxidized by steam as part of the high temperature melting
pirocess. During the accident at TMI-2, a significant fraction of the
metallic zirconium was oxidized to Ir0, as indicated by the production
of hydrogen. Approximately 43% of the Zr was oxidized during the
accident; this estimate is based on the amount of H, (459 kg) produced
by oxidation. However, some of the oxygen produced would have been used
to oxidize structural metallic material (e.g., Fe, Cr). Consequently, the
estimated 43% oxidation of Zr is conservatively high. Tin is expected to
remaiTgmetallic in the conditions present during the accident at
TMI-2%7, and its behavior during the accident would be expected to be
different from the oxidized zirconium.

Analyses were performed on samples obtained from throughout the
reactor core, which provided information on the redistribution of uranium
in the reactor system. Table 2 lists the distribution of the principal
fuel rod constituents in the various regions of the damaged reactor -core.
As indicated in the table, this distribution accounts for approximately
97% of the total uranium inventory. The principal repositories for
uranium are the partial fuel assemblies, the upper core debris bed, debris
relocated to the lower reactor vessel head, and the debris in the central
consolidated region. The partial fuel assemblies around the periphery of
the core (22.7%), and the partial assemblies below the central
consolidated region (10.7%) make up the largest repository of core
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E: 2.6 FUEL MA?T;.ER?IAL'r;--D"f-S_,;;T;RIBUT'__IJON."*'I:NM ;T.HE 7REAchORJ.v:Es‘sELi ;_f:»_ L > e

Core mater1a] d1str1but1on I
Percent of: Inventory .2 : T
c+dirconium. - Tin o

‘aJCore Mater1a1 Repos1torx

: Upper reactor p.enum

‘Upper core debris.’
- Upper-crust region

- .ceramic" TR O TR AT

-~ metallic - o " -
“Conso]1dated reg1on .. '

.ceramic*; SRS

: ' meta111c
-~Lower crust reg1on .

- - ceramic LT e R 2

meta111c : B R P - FEO 1
Intact fuel rods = - +33 -33 . 33
IR B | '
3
2

Lower reactor vessel-head:: = % :. 15
Lower core support assembly - ' 4.6 o
JUpper core support assembly#?{-“;€¢3.3;

"i{Total B o . : 97. <91 - 82

. Percentage of: the tota] amount of the e]ement orlg1na11y present 1n

_,'the core. i Sy

b. Ins1gn1f1cant amount (<0 1 wt%) based on the upper p1enum :

- measurements.: . ¥ :
c. Elemental: const1tuent not detected based ‘on detect1on 11m1ts of :

'Japprox1mate1y 0 1 wt% ‘ﬂ-fif“i‘ ; v _ BRI
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materials following the accident. Examinations: indicate that the intact
portion of these fuel rods show no evidence of accident damage.

The next largest rep051tory for uranium at TMI-2 is the loose debris
in the upper part of the reactor core. This material is particulate
debris from 1 to 5 mm in diameter and is composed of prior molten fuel -
materials mixed with partial fuel pellets, c]add1ng, and structural
material pieces. This debris averages 75 wt% uranium which is higher than
the core average concentration of about 66 wt%. The high uranium:
concentration is due to the melting and downward relocation of zirconium
to the central part of the reactor core which is dlscussed in a following
paragraph.

Approximately 15% of the core inventory of uranium was re]ocated to
the lower reactor vessel head. Examinations performed on debris from the:
surface of the debris bed suggest that this material is a relatively
homogeneous mixture of uranium and zirconium, with the uranium
concentration (65 wt%) near the core average.

The consolidated core region, composed of the upper and lower crusts
and the central core region, makes up the bulk of the remaining core
inventory (17%). The uranium content is quite variable due to the high
degree of heterogeneity of the materials in this part of the core. The
average concentrations for uranium are: upper crust (49 wt%), central
region (54 wt%), and lower crust (34 wt%), with a significant range of
concentrations at all locations due to the heterogeneity of the debris.

- The Tower crust contains only about half the expected amount of uranium as
compared to the core average, indicating the presence of: s1gn1f1cant1y
more structural components in this part of the core. In general, these:
data suggest a very distinct segregation between the U-Zr-0 and the
metallic or oxidized structural materials. This is consistent with the
expected behavior of uranium, in that it is expected to interact :

significantly only with the zirconium in the system. Structural materials '

are present as contaminants [and are] located in inclusions or at grain
boundaries in the U-Zr-0 matrix.

The zirconium data in Table 2 show a similar distribution to that
indicated for uranium, except that the percentages of inventory are less,
reflecting differences between the chemical behavior of the ceramic U0,
and the metallic zirconium. The data indicate that almost half the
zirconium originally present in the upper core (i.e., the upper debris
bed) has relocated to lower regions of the reactor core. The data from
the crust layers and the central core region indicate that the relocated
zirconium contributed to the formation of the crust layers and was
retained in the central core region as metallic inclusions. The high
zirconium concentrations are present only in the metallic phase, and the
data indicate that the zirconium forming these layers did not participate
in the zirconium-water oxidation reaction and was transported as metallic
zirconium or Zircaloy (melting point 2030 K) to form the layers in the
central region of the core. This behavior suggests a core damage
progression where the upper core region was not heated to high
temperatures (>2200 K) until after the upper crust had formed.
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The data for the debr1s re]ocated to the.lower reactor vesse] head
indicate a:lesser- percentage of zirconium (about 4%.0of core 1nventory) for
the quantity of uranium present :These data suggest that some -zirconium .
“did not remain-with the uranium relocated to the lower reactor vessel
head, but contributed to the formation of the lower crust. The summed
“data for the various repositories. indicate that about 9% of -the core:
.1nventory of - zirconium has not -been accounted for. A1though there is a
~relative to the mass - of the reactor core, these data suggest the presence
of additional Zr reposutorves :

: The t1n d1str1but1on in the reactor vesse] is s1gn1f1cant1y d1fferent
than that observed for the Zr. .The core materials distribution data in
Table 2-indicate that- no s1gn1f1cant amounts of Sn were found: in the. upper

reactor: p]enum, the upper core debris bed; the debris on the lower reactor.y'

vessel head, and by inference. from the 1ower reactor vessel debris- data,, .
in the 1ower and upper core support assemblies. The data indicate the
-presence of significant amounts (factors of 4 to 6 times. greater than the
_core average concentration - 0.3 wt%) in the upper and Tower crusts and
the central core region. The data for the metallic.region data indicate
_concentrations from 7 to 20 times the .core_.average with h1gher ,
concentrations in metalllc inclusions in the central core region. The
significant concentrations of Sn in the metallic region might be expected :
from-the. chem1ca1 behav1or of Sn (1 e., a high free ‘energy requ1rement for -
oxidation). : e v oL P

In the 1ower crust of the central conso]1dated reg1on .there is
evidence of accumulations of Sn:in the metallic samples; however, in
contrast to the upper crust there are also accumulations of Sn in the
ceramic samp]es relative to Zr. . These data suggest a scenario where.much
of the Sn in the upper part of the. core flowed-down and was either .trapped
as metallic inclusions.in the ceramic me]t or contr1buted to format1on of
the metallic 1ower crust : : .

The 1nventory data for t1n Ain Tab]e 2 suggest that approx1mate]y one
- third of. the structural tin or1g1na11y present in the core is now located .
in the. lower crust and that almost half 1s present in the centra] .core
region. - o

Contro] mater1a]s

The TMI 2 reactor core contalned 2200 kg of s11ver, 412 kg of 1nd1um,
and 137 kg of cadmium control materials. These control materials were
originally present in controls rods with 80% silver, 15% indium, and 5%
cadmium. During the accident at TMI-2, a s1gn1f1cant fraction of this
material was expected to melt and possibly volatilize due to the =
relatively ‘low melting point of the alloy (1072 K - 1123 K),. and the ow
boiling points of the .individual constituents. Ana]yses indicate that at .
TMI-2, control materials melted, and due to the pressure, d19 not produce
a forc1b1e eJect1on -upon fa11ure of the control rod cladding 0.

Tab]e 3 lists the d1str1but1on of contro] material in the reactor

vessel. The data indicate the presence of no measurable amounts of :
silver, the least volatile control material, on the lower reactor. vesse]
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head, and by inference, in the upper and lower core support assembly
regions. The data also indicate that a small amount of silver (10%) was
deposited on the upper plenum surfaces. The bulk of this material was:
deposited with other fuel and structural materials as loose debris, which,
based on particle size, could have been transported to the upper plenum as
either a hydrosol or an aerosol. Examinations of samples from outside the
core indicate that only small amounts of the control materials were
released from the core, substantiating the analytical conclusion that a
forcible ejection of the control materials probably did not occur.

Below the upper plenum structure is a void and the loose debris bed,
-which accounts for approximately 20% of the core mass. Based on the
analytica] results, only 1.8% of the core inventory of silver is contained
in this mass. These data suggest that much of the silver (22%) melted and
flowed down to form the crust Tayers and some was’ retained as inclusions
in the central core reg1on

The silver data in Table 3 indicate that only about 47% of the core
inventory of silver can be accounted for. Although the uncertainties
associated with these data are relatively large due to the small
percentage of the whole core examined, the data suggest additional
repositories where a significant fraction of the silver ;nventory is
located. The high density of metallic silver (10.5 g/cm’--near the
highest of the core materials) would suggest that it is deposited near the
bottom of the core or possibly on the lower head of the reactor vessel.
This is consistent with the lower crust data where the silver
concentration (4.5 wt%) is the highest of any of the core reg1ons
examined.

Table 3 indicates that indium is concentrated in the central core
region at higher relative concentrations than was the silver. The highest
concentrations are in the lower crust at 1.1 wt%, which is 3-4 times the
core average. This element is present in the metallic phases similar to
silver. However, a significant amount is also present in the ceramic
parts at concentrations 2-3 times the core average. If extrapolated to
the mass of the various regions of the lower core, approximately 81% of
the core inventory of indium is present in the lower core region.
Although this estimate has a relatively large uncertainty, the data .
indicate that approximately 30% more indium than silver is located in the
Tower core, which suggests a different distribution of indium than silver
and indicates that a significant fraction of the silver behaved
differthly than the indium and is located in another part of the reactor
vessel '

The cadmium data.indicate concentrations for the lower core that are
similar or less than the core average concentration of 0.1 wt%. The data
“indicate ‘lesser concentrations in the ceramic regions than the metallic
regions, which might be expected as cadmium is not expected to oxidize.
Much of the relatively volatile Cd was not released from the core but was
retained in the central molten part of the core as a gas during the early
part of the accident, probably as inclusions in the molten metallic
material. :
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5._ Upper crust regIon

"-'“._-ﬁ'f;TABLE 3. CONTROL ROD MATERIALS DISTRIBUTION JIN'THE REACTOR VESSEL '.

s ';j d :Fi__ - Core material’ dIStrIbutIon e
Core materialj’?i e B “?' Percent of Inventory?® . . e
Repository . -~ - SIlver - Inditm - Cadqum T

Upper' rea'c‘f%bwrf”"pI_eﬁum-re_,

ceramic

. ‘metallic .
_Consolidated regIOn o
ceramic’ S
“metallic
Lower crust regIon' _ _ . o '
ceramic: v o o 1.3 T2 - T
Cmetallic | ¢ o1 16t 249
Intact fuel rodsd 1 1 -1
Lower reactor vessel head -<c- L o-eE T R o
* Lower core support assembly - -C- . -C- - -c- :
Upper core support assemb]ys’“{_ o o R

Total 1i"? L ‘4?1t?h, Jo e t 23

at Percentage of the tota] amount of the e]ement orIgInally present In ;
. the core. ' S
"~ b. InSIgnIf1cant amount (<0 l wt%) based on the upper p]enum ff*’

rameasurements

Elemental constItuent not detected based on detectIon 1Im1ts of 'e}?‘
.approx1mate1y 0.1 wt%. e S
d. “Only 10.7% of the part1a11y Intact fuel assemb11es contaIn contro]
material -as’ the: balance (22 7%) are perIpheral assemblIes thch do not ;
-contaIn control” materlals R : L

“-283-



Structural mater1als

The distribution of structural materials in the various parts of the
lower core region is discussed in detail in reference 22. The .
extrapolated data for the four elements considered (iron, nickel,
chromium, and molybdenum) indicate extrapolated inventories up to 3 times
the core inventory (only for molybdenum). - The principal source of this
bias is the central core region which has a non-representative sample
distribution due to the core boring technique used to obtain the samples.
If the central core region data are excluded, the 1nventor1es are below
100%.

- The iron data for the reactor core indicate that the upper core debris
bed is depleted in iron content relative to the percentage of core mass’
(i.e., 20%), but that there are significant concentrations of iron in the
Tower crust and the central, consolidated region. Iron makes up large
percentages of the metallic phases in all regions of the lower core with
the highest percentage in central region inclusions. Meta]]urg1ca1 data
indicate that the iron is mostly (80%) not oxidized and is found alloyed
with nickel and lesser amounts of chromium.

The bulk of the core inventory of chromium (>50%) is found in the
lower core region at concentrations ranging from 1.4-1.7 wt% and that the
bulk of this element is located in the metallic region. Metallurgical
examinations of prior molten debris indicate similar concentrations to
those found in the Tower core, and that a fraction of the chromium is
oxidized and retained in the grain boundaries of the prior mo]ten fuel
material.

Almost 50% of the core inventory of nickel is located in the lower
crust. The data range from 2-6 times the core average concentration. The
concentrations of Ni in the upper and lower crusts and the central
consolidated region are similar and significantly higher than other
portions of the reactor vessel. The Ni, as might be
expected due to its high free energy requirement for oxidation, is located
mostly in the metallic phases, with only a few percent located in the
ceramic samples. The inventory data (i.e., 116% of core inventory) again
indicate that the samples of the central core region are not
representative of all the material in the central core, and are probably
representative only of the fraction of the central core region that has a
significant amount of metallic inclusions.

The molybdenum data indicate the bulk of the molybdenum is located in
the metallic phases. As molybdenum is not a constituent of stainless
steel, ratio comparisons were performed to evaluate the contribution of
the Inconel core components (i.e., grid spacers, etc.) to the formation of
the crust layers. The ratio data suggest that much of the metallic
material that formed the upper and lower crust layers was relocated
Inconel grid spacers. These data suggest that the formation of the crust
layers in the core was controlled by the melt behavior of the grid
spacers, and that other structural components contributed to a lesser
extent to the formation of the crusts.
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FISSION PRODUCT INVENTORY
The fo]]oW1ng sect1ons d1scuss the d1str1but1on of f1ss1on products 1nf '
“the TMI-2 reactor system. :This distribution is based on representative
examples of:each group of : f1ss1on products that. were measurable: at - the

" time the fission product measurements were made (4-7 .years after the ‘_mf}-

"accident). The Tow volat111ty fission products include elements. from the:
noble metals, some rare earths and actinides, tetravalents, and early °
transition elements. Generally, the oxides of these elements have low

- volatilities; . however, some (e.g.; La0 or Ce0) have higher volatilities

_than do the elements. The only radionuclides- from this group which- were ;}"z

measurable during the lower -vessel ‘debris ‘examination.program were - - ..
Cerium/Praseodymium-144, ‘Europium-154, and Europium-155. The Ce-144 is-
produced principally by direct .beta decay from fission, whereas the:
europium radionuclides are produced by neutron activation .of- f1ss1on ;
produced species. :The radionuclides produced by neutron activation have -
greater associated uncertainties with their data due to the neutron . G
~activation as*it makes their production more dependant on neutron flux and
consequently on the core location of the fuel material. The medium
volatile species are Sr-90, Sb-125, and Ru-106. The strontium is expected'
to be an oxide whereas the antimony and ruthenium are expected to remain

as metallics. The .high volatiles are. the noble gases, cesium, and iodine, .
~ which are released to a large: extent at the temperatures found during a
~ severe reactor acc1dent :

Low Vd]ati]es

© Table 4 Tists" the f1ss1on product retent1on and d1str1but1on Ain the
TMI-2 reactor system-for:the three low volatile fission products:. measured
(i.e., Ce-144, Eu-154, and Eu-155). The low volatiles were not
transported out of the reactor core and only a little fuel material was
_ physically transported to the reactor coolant system. 1In the. reactor
vessel, the fuel-material distribution is similar to the mass. : g
: d1str1but1on "The Eu-154 and Eu-155.data is.similar to that seen. for the
Ce-144, except for variations in the.measured retention values.  The
relat1ve]y large: uncerta1nty associated with the inventories of -
" - radionuclides (Eu-154):is due-to the fact that this isotope is: produced by
- neutron capture. by another; radionuclide. In this instance, Eu-155 is
produced by neutron capture by Sm-154, a stable fission product The data-
indicate that a11 1ow vo1at11e flss1on products are reta1ned in the
reactor vesse] o e S

Medium Voiatiﬁes

Table 5 lists the fission product distribution data for the medium
volatiles. The data for Sr-90, the radionuclide in this category which
exhibited the least mobility, 1nd1cates that only a small amount (<3.5 %);'
_was released from the reactor vessel. The distribution is.again similar.

- to the fuel material distribution, which suggests that the bulk of: the.
-activity was retained in the prior molten fuel ‘material. While the
examination data .indicate that the bulk of the Sr-90 is located in the

".ceramic parts of the samples, there has been some transport of+the Sr-90

" “to the metallic region samples. Almost complete. accountability is.

- indicated for the Sr-90. o
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The Sb-125 data in Table 5 indicate high concentrations in the
metallic portions of the Tower reactor core. The metallic sample
concentrations are 6-20 times those found in intact fuel. These data:
suggest that the Sb-125 remained in a metallic state. The percent of core
inventory data indicate that 62% of the core 1nventory of Sb-125 was =
conta1ned in the lower core. ‘

The Ru-106 data listed in Table 5 follow a similar distribution to
that observed for Sb-125, and indicate that much of the Ru-106 is found in
association with metallic samples at concentrations 4-12 times those found
in intact fuel. Of particular importance to the accident scenario is the
timing of the transport of the metallic material to form the crusts'and
the metallic inclusions in the consolidated region. The metallic
materials had to have been transported to form the upper regions of -the
core after the Ru-106 (boiling point 4423 K) and Sb-125- (boiling p01nt
1653) were released from the fuel matrix.

High Volati]es

Table 6 lists the distribution of the high volatiles (Kr-85, I-129 and
Cs-137). These radionuclides were significantly relocated and transported
to the reactor coolant, and consequently to the reactor building
basement. The data for Kr-85 is accurate to within 5-10% as the quantity
of intact fuel is known from defueling, and the measurement of this
radionuclide in a known gas space (i.e., the reactor building) is also
quite accurate. In addition to the approximately 85% accounted for in
these measurements, it is. expected that some fraction of the core
inventory was also retained in the upper core debris bed.

The uncerta1nt1es associated.with the I-129 data are s1gn1f1cant1y
greater than the noble gases because I1-129 is highly reactive and may
plateout on surfaces, making accurate assessments difficult. Measurements:
of radioiodine concentrations in the reactor building basement indicate a
wide range of concentrations in the particulate debris. Extrapolation of
these concentrations to the quantity of debris present in the basement-
indicates that much of the core inventory of radioiodine remained in the
reactor building basement. Table 6 shows the same retentions for diodine
and cesium in the basement, as transport of the two radionuclides to the
reactor building would be expected to be similar. However, a lesser
fraction of the Cs-137 would be expected to p]ateout on surfaces;
therefore much of the Cs-137 rema1ned 1n solution in contrast to the
jodine. 3

_ The Cs-137 data indicate almost complete retention of the ces1um in
the reactor bu11d1ng with only 5% released-to the auxiliary building.
This activity is located principally in the reactor coo]ant b]eed tanks
and the letdown demineralizers.



TABLE 4;eL§quogif§Ls;F1§squ PhdduclcolsTRTBUI_foIN THE=REAC30RfSYSTE':

o R 1 . F1ss1on product d1str1but10n
“.Fission product . ;v.’»“ee-;g4 : Percent of Inventorv a
1Reoos1tor1es R ‘

Ce: 144 _ Fa-154 . _Fu-155
~Ex-vessel & o i R TR S R
“Containment atmosphere, ‘ :m.;01) b 'b‘g-

-, basement, and tanks

‘Reactor coolant system ©Lh- . -b- Ll sbe
Auxiliary building . Csb- w0 sb- o aebe

In-vessel - L e e

Upper reactor p]enum Coe o ee=be o meebe s sbe

” ’Upper core debr1s A e, w2 300 . 24

B I/ IS [ 19

_ Upper crust reg1on L4 s 2.0 . 1.6

Consolidated region .24 So320 22

Lower: crust S e o590 w 7.9 A0

- Intact fuel rods - . : -“30 e 30 5 300 0

. Upper core: support assembly . - 3.4 N Y I
‘Lower core support-assembly . . 4.7 . 6.3 . -d- -

Lower head-reactor vessel L1621 Loe=d-

Total - coo . 1eso 122 1ed

Percentage of the total amount of the f1ss1on product 1nventory
ca]cu]ated from -comparisons with ‘ORIGEN2. - .
'b. .Insignificant amount (<0.1 wt%) based on the . measurement data
~Two sets of bulk samp]e measurements were performed. on the upper .
debr1s bed. " The A series was performed .on samples from near the center of
the core at a var1ety of depths whereas: the B -series were bulk samp]es _
“from near the bottom of the debr1s bed For the tota]s, thé B series data
were used.-
~d. Measurements not performed for th1s rad1onuc11de at th1s core ,
“location. The total -shown:value:in parenthesis isa ‘total which assumes
the same distribution as Eu 154" for the repos1tor1es where measurements S
;were not performed - e T E T Ly <

: g7 :




TABLE' 5. MEDIUM VOLATILE FISSION PRODUCT DISTRIBUTION IN THE REACTOR -

SYSTEM

: Ftssion‘product

Fission product distribution

Percent of Inventorv a

Repositories -
4 Sr-90 Ru-106 Sb- 125
Ex-vessel ' o
Containment atmosphere, 2.1 0.5 0.7
basement, and tanks : o
Reactor coo]ant system 1 - . -b- 0.2.
Auxiliary bu11d1ng 0.1 -b- 0.7
In-vessel S R C
Upper reactor.plenum . ©<b-~" o -b-- .7 -b-
Upper core debris- A ‘ S 23 14 - .13
| -8 19 160 24
. Upper crust region S o - i
ceramic, . o - 0.73 -0.8 ' 0.5"
metallic oo e b= T 3.8 7.8 -
Consolidated reg1on SR : :
ceramic. S 8.3 . 2.2 3.1
- metallic e - -b-% 9.0 ~6.9"
Lower crust . R ‘ R N
ceramic o g - 4.5 . 5.7 7.4
metallic . L s -b- 24 - 36
Intact fuel rods = - o 30 - 30 - 30,
~ Upper core support assembly 3.9 . 0.23 00.22
" Lower core:support assembly - 5.3 ~ 0,32 0.30
Lower head-reactor vessel - 18 " l1.1 1.0:

_bTotal

(Ve
w
o
-3
[
e
O

a. Percentage of. the tota] -amount of the f1ss1on product or1g1na1]ytha;
present calculated from-comparisons with ORIGEN2. e
b. Ins1gn1f1cant amount (<0 1 wt%) based on the upper p1enum
measurements. "
c. Two sets of bu]k samp]e measurements were pegformed on. the upper N
debris bed. The A series was performed on 16 cm® samples from near the
center of the core at a variety of depths whereas the B series were bulk
samples from near the bottom of the debris bed. The data prov1de a
range. For the tota]s, the B series data were used. , y

-288=



»cgf"ln vessel - O
- *Upper’ reactor p]enum
o Upper core debris-A

- TABLE 6. HIGH VOLATILE ﬁ”r.s‘siidu;. RODUCT ﬁ-iéﬂtal.e.u_r,i,bn N THE REACTORSYSTEM -

. ' e F1ss1on product d1str1but1on
F1ss1on product . f'”;f_:qhﬁpf‘ ; Perc ntvof Inventorv
Repos1tor1es LR IR TS S R o

Ex- vesse] : : ' . L e . coo e
. Containment atmosphere,-‘. ©=b- T -be .- 54 oo
- " basement water o 0 AT o (41)C L scb- L
" Reactor coolant. system S L S -b-
Auxiliary., bu11d1ng R T k ' o

s O

P -
ST
1
o
1

e W T

Bd T A

\ ,Upper crust reglon
Consolidated region.
~ Lower crust '
~ Intact fuel rods -, =
* Upper core support assemb]ya'_
Lower ‘core support assembly - ...
Lower head reactor vesse1

-~ —

o
W
o

Nso,og.— comv Y Ui

o

.:m,_.,_,u
BON
]
o
]

Total .~“m;w'

.’°-‘a§‘ Percentage of the tota] amount of the f1ss1on product or1glna1]y

present calculated, from comparisons. with; ORIGEN2.

b In51gn1f1cant amount .- (<0 1 wt%).based on thé measurement data.
Wide range_of concentrations and quantity of debris would 1nd1cate

ipercentage of -total inventory that could be greater than the core

inventory. Consequent]y, the Cs-137 inventory is cons1dered *

' representat1ve of the- quant1ty of 1od1ne depos1ted in"the. reactor

" .debris. bed. The- A. series;was. performed on. 16-cm:

= building.
d.. Two sets of bu]k samp]e measurements Were pegformed on the upper
samples from near the.

| _‘center of the core at a var1ety of depths whereas the B 'series were bu]k.j

“samples’ from:near the.bottom of the debris bed. The data prov1de a
range For the tota1s the B ser1es data were used - ,
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In the reactor vessel, the data indicate similar distributions for
both the Cs-137 and I-129. The data for the upper core debris:indicates
. that about 20% of the original inventories of both Cs-137 and I-129 were
retained in the debris. In the Tower parts of the core, evidence suggests
that some of the I-129 is associated with the metallic regions of the
core. These data suggest that there are reaction mechanisms which cause
accumulation of I-129 in the metallic sections, and indicate "the probable-
chemical form of the I-129. The fraction of core inventory found in
association with the lower core region prior molten material indicates the
presence of only 2.4% of the core inventory.-

The Cs-137 data in Table 6 indicate retentions ranging from 2.7 to 13%
of the original content in the fuel material. Again, some of the activity -
is found in association with metallic regions, which provides information
on the possible chemical form of the Cs-137, and indicates the presence of
reaction mechanisms which define the behavior of Cs-137. The total
inventory of Cs-137 present in the lower core is quite low at about 2.6%
and indicates significant release and transport of Cs-137 from this part
of the reactor core.

CONCLUSIONS

This section summarizes the results of the core material and fission
product inventory analysis. The results are based on the examination of a
relatively small number of samples obtained from the the TMI-2 reactor
vessel. This analysis provides a reasonable accountability for greater
than 95% of the core materials and greater than 90% of all fission
products. - Listed below are some of the specific observat1ons or
conclusions of this analysis:

. The distribution of the-pr{ncipal fuel rod constituents
accounts for approximately 97% of the total uranium inventory
and suggests that this distribution is relatively accurate

. Principal repositories for uranium are the partial fuel
assemblies, the upper core debris bed, debris relocated to the
lower reactor vessel head, and the debr1s in the central
consolidated region

. -Metallurgical data indicate a very distinct segregation between
the uranium ceramic and the metallic or oxidized structural |
materials which is consistent with the expected behavior of
uranium in that it interacts significantly on]y with the
zirconium in the system

. Almost half the zirconium originally present in the upper core
(i.e., the upper debris bed) has relocated to lower regions of
the reactor core

. Relocated zirconium contributed to the formation of the crust
layers and was retained in the central core region
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" High zirconium concentrations are. bFesent only 1n”the'metaTT1o}~j

.‘phase and the data indicate that the zirconium forming these
~ layers did not. participate in the zZirconium-water oxidation

reaction and was transported- as metallic zirconium to- form the .

metallic layers in the centra] part of the core

Much . of . the Sn in the upper part of the core fTowed down and
was either trapped as metallic: 1nc1us1ons in the ceram1c meTt
or formed the lower crust - - :

.The-high density.of meta111c silver (10.5. g/cm --near the
highest of the core materials)-is consistent withthe Tower
crust data, where the ‘silver concentration (4:5° wt%) is the

_ ;h1ghest of any of the core regions. exam1ned

- The cadm1um data suggest ‘that much of this" re]atwve]y voTat11e

element was not. released from the -core but was retained in the

central molten. part of the core as a gas, and was deposited. .

" with other, probably liquid meta111c const1tuents as 1nc1us1ons
N1n the cooT1ng meta111c mater1a1

OnTy a smaTT fract1on of low: voTat1Te radionuclides and fue]
material were phys1ca1]y ‘transported” to the reactor cooTant
system . .

kIn the reactor vesse] the fueT mater1a1 d1str1but1on is: s1m11ar
to the mass d1str1but1on

fThe d1str1but1on of Sr- 90 is s1m11ar to -the fuel mater1a1 .
distribution[,] which suggests that the bulk of the act1v1ty
was reta1ned 1n the pr1or molten fuel mater1a1

The percent of core 1nventory data 1nd1cate that much of the
core inventory of Sb-125 could be contained in the Tower. core
_‘with the- buTk of the 1nventory Tocated 1n the centra] core
reg1on o , . o

The Ru-106 data listed in Table 5 foTTow a similar d1str1but10n

to that observed for the Sb-125 data[,] and indicates that much
of the Ru-106 is found in assoc1at1on with metallic samples at’
concentrat1ons 4-12. tlmes those found in. 1ntact fuel .

The Kr-85 data 1nd1cate accountability of 85% of the cohelz
inventory with other probable repositories in the reactor core

The Cs-137 data indicate almost complete retention of the

- cesium in the reactor building with only 5% released to-the:
‘auxiliary building. - This activity is located principally in
the reactor coolant bTeed tanks and the letdown dem1nera11zers
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